shows the video camera and monitor. When the stage is rotated, adjacent pixels come into view in the monitor. In this way, any point along the horizontal axis can be viewed. To evaluate an area that is displaced vertically, the front rod which supports the front of the HMD is raised or lowered. When this rod is raised or lowered, the HMD rotates about an axis which corresponds to a line through the rear bolts which attach the HMD to the two rear posts. Discussion: The horizontal and vertical exit pupil diameter is slightly greater than 15 mm. As can be seen in Figure 5 , the exit pupil shape is circular in nature.
Eye relief
Test equipment: Rear projection screen, video camera and monitor, and precision positioners.
Test procedure: A rear projection screen was used to locate the exit pupil position. This was accomplished by moving the rear projection screen along the optical axis until best focus was achieved ( Figure 6 ). Eye relief can be expressed as physical eye relief or optical eye relief. Physical eye relief (eye clearance distance) is defined for the purpose of this report to be the straight line distance from the cornea to the vertical plane defined by the first encountered physical structure of the system. Optical eye relief is the straight line distance from the cornea to the last optical element of the HMD system. In most cases, physical eye relief is much less than optical eye relief and is more relevant in addressing compatibility with life support equipment (i.e., gas mask, oxygen mask, spectacles, etc.). Once the rear projection screen was placed at the exit pupil, a camera mounted on precision positioners was placed to the side in order to observe the distance relationship between the exit pupil and the rear lens in the catadioptic design. By moving the camera laterally, we were able to measure the distance between the rear projection screen and the center and rear edge of the catadiopic design.
Results: Table 1 presents the physical and optical eye relief values. Test procedure: FOV was measured by rotating the HMD about a point that was fixed at the center of the left or right exit pupil. By ray tracing, it could be demonstrated that the image displayed by the left and right channel were contained within a cone whose apex was at the exit pupil and extended out into space. A video pattern was presented on the display which clearly indicates the horizontal and vertical meridian and the fullest extent of the FOV. To determine horizontal FOV, the camera was set to infinity focus and aligned with the center pixel. When the display was rotated, the horizontal line which marks the horizontal meridian moved along the horizontal axis. At the point where the horizontal line ended, the computer controlled rotator cou;d be polled to retrieve coordinate information. Calculating the coordinates for the two extremes of the horizontal meridian, the horizontal FOV could be calculated. This procedure was repeated for the other side and for the vertical meridian. For the vertical meridian, the HMD must be mounted on its side. To mount the HMD on its side, the two channels were detached from the aircraft retained unit and mounted separately (Figure 7) .
Results: Table 2 shows the monocular FOV for each channel.
Discussion: The Comanche requirement of monocular FOV of 30 by 40 degrees is met. 
Results:
The results are shown in Table 3 . Table 3 . Binocular FOV (in degrees). Test procedure: Contrast/contrast uniformity was measured using the same 25 bright square pattern as shown above (Luminance Uniformity section). Contrast ratios were measured using two methods. Peak luminance was measured in the middle of each of the 25 squares. The peak was calculated against the background luminance measured to the side of display (100 pixel distance from the middle or from the bottom of the square (64 pixel distance from the middle).
Mapping data
Results: Table 5a and b show the contrast ratios for the lateral and vertical contrast respectively. Table 5a . Lateral contrast ratios. Discussion: Despite rather good luminance uniformity, the contrast uniformity varied significantly ranging from a minimum of 10.41 to a maximum of 32.65. Contrast uniformity could be improved although there is no Comanche specification for this parameter.
Test equipment:
Test procedure:
Contrast transfer function (CTF)
1980A photometer with slit aperture.
Grill patterns (vertical square wave gratings) of increasing spatial frequency were used to measure the CTF. Using a slit aperture aligned with the vertical lines of the grill pattern, the slit traversed the pattern measuring luminance over two cycles of the grill pattern. The luminance of the grill pattern was sampled 32 times in all (16 measurements per grill cycle). Spatial frequencies ranged from 20 to 640 cycles per display width in octave increments (0.5 to 16 cyclesjdeg). Due to a slow vertical drift present in the imagery, we were only able to measure the CTF in the horizontal axis.
Results: The luminance profiles of the six spatial frequencies are shown in Figure 11 . The curves in this figure are labeled according to the number of pixel columns that are off and on in the grill pattern. Calculating the Michaelson contrast from these data, the preliminary CTF is plotted in Figure 12. Michaelson contrast is defined as (L,,, -L,i,)/(L,,, + L,i,) . Visually observing the highest two spatial frequencies under magnification, we failed to notice any significant luminance modulation. Clearly the luminance profiles for these frequencies failed to show a modulation pattern at 2 Hz and therefore we suspected that the fluctuations were due to noise. To verify this notion, we measured again the luminance profiles at the highest two spatial frequencies. These data are also plotted in Figure 12 . The differences were notable and pointed to noise being the probable cause of the discrepancy. In an attempt to accurately portray the CTF for this display, the data in Figure 11 and the repeat measurements were Fourier analyzed in order to determine the actual contrast modulation at the sampled 2 Hz harmonic. The harmonic data are plotted in Figure 13 and these data are likely to be a closer approximation to the true CTF than the data shown in Figure 12 . Note that amplitude of the two highest frequencies is essentially the same for the original and repeated measurements.
Discussion: The CTF is rather poor. At the Nyquist frequency (approximately 16 cycles/deg), the contrast was essentially nill. At half the Nyquist frequency, only about 10 percent contrast was achievable. The horizontal grill CTF should provide slightly higher contrast modulation at these higher frequencies since the grill is constructed of single scanned lines. However, due to the vertical drifting problem, this could not be measured using our scanning technique. The observers' task was to arrange the color chip caps in order according to color similarity. They were instructed to do this by first locating the color caps that most closely resembled the reference cap and placing it next to it, and then selecting the color cap that most closely resembled the last selected cap, etc., until all of the caps were arranged in order. By closing the rack and turning it over, the scoring numbers became visible and the observer could be scored.
Results: All observers correctly identified the isochromatic plates although with some difficulty. Likewise, the D-15 test was completed successfully by all observers. However, it was noted that the first five chips could be successfully ordered yet they lacked the green tint which would have made the tasking easier. Discussion: As these tests are designed to catch color discrimination deficiencies based upon cone deficiencies, they may not provide the best measurement of color discrimination deficiencies due to the lens coatings in the HMD. Certainly some discriminations shall be more difficult and this leads to increases in reaction time.
Summary and discussion
Evaluation results are summarized in Table 6 . The Microvision laser HMD as a proof of concept was well done and offers many advantages over more mature technologies. The luminance output of this system, although high, fell slightly short of the luminance expectations required by Comanche. In addition, the prototype helmet mockup incorporating this display, while not measured by us, was deemed light weight by observers who have previous experience wearing helmet mounted displays.
The greatest deficiency we noted was the rather poor MTF and CTF. This agrees with observers who noted that the display imagery appeared to be slightly blurred. Possible sources of this MTF/CTF degradation include the exit pupil expander, drive circuits, laser focusing, and possible temporal deficiencies. Luminance uniformity was rather good although several measurements fell outside the *20 percent Comanche requirement. However, contrast uniformity varied significantly although there is no current Comanche specification for contrast uniformity.
A final area of concern to us was the unsuspected presence of a slow vertical drift in the imagery. The drift had a range of approximately 1 degree visual angle or less. This drift, if uncorrected, could cause major concerns in terms of targeting and tracking performance. 
